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Abstract

In this work, surface reaction mechanisms and the corresponding kinetic parameters for processes
relevant when designing numerical models to predict the dynamics of radiation induced dissolution
of UO,-based spent nuclear fuel are presented and summarized. The implementation of some of the
heterogeneous features of the system into a numerical model accounting for both homogeneous and
heterogeneous processes is also discussed. In addition, the steady-state approach for modelling of
spent nuclear fuel dissolution is described as a proposed benchmarking model. Finally, a discussion
on current knowledge gaps of key-importance for the development of numerical models is included.
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Sammanfattning

I detta arbete har ytreaktionsmekanismer med tillhdrande kinetiska parametrar for processer av
relevans vid utveckling av numeriska modeller som beskriver dynamiken for stralningsinducerad
upplosning av UO,-baserat utbrint kérnbrénsle presenterats och sammanfattats. I arbetet diskuteras
ocksa hur de heterogena processerna enklast kan inkluderas i en modell som bade beskriver homogena
och heterogena processer. Den tidigare utvecklade steady-state”-modellen for upplosning av utbrént
karnbrénsle beskrivs ocksa och foreslas anvindas som referensmodell vid utveckling av nya modeller.
Slutligen diskuteras aktuella kunskapsluckor som anses kritiska vid modellutveckling.
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1 Introduction

Numerical modeling of radiation induced dissolution of spent nuclear fuel is a key-component of
safety assessments of geological repositories for spent nuclear fuel. A reliable model must be based
on well-established mechanistic knowledge and verified rate constants in combination with a code
capable of handling the heterogeneous nature of the system. The processes that must be accounted for
are (1) radiation chemistry of water, (2) surface reactions between aqueous radiolysis products and the
fuel surface, (3) dissolution, adsorption and precipitation of secondary phases and (4) diffusion.

The general approach when accounting for all the features above is to divide the solution in small
volume elements. The radiation chemistry is treated homogeneously in each volume element in parallel
with the diffusion between the volume elements. In the innermost volume element (closest to the
surface), the surface reactions are handled together with the homogeneous radiation chemistry.

In addition to these processes, it is essential that the spatial dose rate distribution is correctly described.
Recently, the reactions, rate constants and radiation chemical yields (G-values) for water radiolysis
were reviewed with the purpose of identifying the most suitable set of reactions and parameters to
be included in a numerical model (Jonsson 2022). In this report, the heterogeneous processes and
parameters relevant for modeling radiation induced dissolution of spent nuclear fuel are reviewed.
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2 The mechanism of radiation induced dissolution
of UO, based spent nuclear fuel

Radiolysis of water produces oxidants that are capable of oxidizing the UO,-matrix and thereby
facilitate its dissolution (Shoesmith 2000). The dissolution of oxidized UO, is further facilitated by
the presence of HCO, /CO,” in the groundwater (Grenthe et al. 1984, de Pablo et al. 1999). In the
absence, or at very low concentrations, of HCO, /CO,*” secondary phase formation on the fuel surface
can occur. This would in general reduce the rate of oxidative matrix dissolution. In figure 2-1, the most
important reactions involved in radiation induced oxidative dissolution of UO, based spent nuclear fuel
are given.

In the following text, these reactions are discussed individually.

-, |- and y-radiation

H,0,
H:0,
5 ~ UQ, + H,0 + HO,-

{ow]— U0, —0H- - UOg+OH

H

2 HE+—

= U0, +H,0+H"
2

Hy0,

20H

HCOs/C0s*
Lol U(VI)ag + FP + Actinides
Matrix dissolution

Figure 2-1. General mechanism for radiation-induced oxidative dissolution of UOy-based nuclear fuel
in water.
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2.1 Radiolysis of water

Upon absorption of ionizing radiation, water undergoes ionization and excitation (Spinks and Woods
1990). Initially, these events are highly localized but within less than 107° s the initially formed
species have fragmented and some of the reactive fragments have recombined into molecular species
at the same time as they have diffused out from where they were originally formed. At this point, we
can consider the irradiated volume to be more or less homogeneous provided that there are no dose
rate gradients. The irradiated volume will contain oxidants (HO", HO," and H,0,) as well as reductants
(€4 » H and H,). The yields of these products are referred to as radiation chemical yields or G-values
and they are expressed as the amount of a given species produced or consumed per unit of absorbed
radiation energy. The SI-unit is mol J™' but the older unit molecules per 100 eV is still frequently used.
The radiation chemical yield in a given absorber depends on the type of radiation as well as on the
radiation energy.

Under the conditions considered relevant for the safety assessment of a geological repository for
spent nuclear fuel, the radiation chemistry in the vicinity of the fuel surface will be dominated by
alpha-radiation. The G-values for alpha-radiolysis and the relevant reactions and rate constants in
water and water containing HCO; /CO5* have recently been reviewed (Jonsson 2022) and will not
be further discussed here.

2.2 Kinetics of surface reactions

Oxidative dissolution of UO, involves oxidation of UO, by radiolytic oxidants formed in solution.

In a very simple fashion, this can be seen as the interfacial equivalent of a bimolecular process.

In homogeneous systems, the rate expression for a bimolecular elementary reaction (e.g.,, A+ B —

Product) is given by:

— 4 = k[4][B] 2-1)
t

Where £ is the rate constant and [A] and [B] are the concentrations of the reactants A and B,

respectively.

For a surface reaction in an aqueous system (e.g., A(aq) + B(s) — Product) we could use the following
expression (Jonsson 2010):

d[A] SA
- = kAl (2-2)
In this case, the reactive surface is quantified by the solid surface area (SA) to solution volume (V)
ratio. In the homogeneous system the rate constant has the unit M™' s™' and the limit for diffusion
control, i.e., the rate constant for a reaction with no activation barrier (where every collision will result
in reaction), is usually around 10'° M™" s™' in aqueous solution at room temperature. For a surface
reaction expressed as above, the unit of the rate constant is m s ' and the limit for diffusion control
depends on the dimensions of a solid (Jonsson 2010). In general, the limit for diffusion control in a
heterogeneous system is much lower than for homogeneous systems. The limit for diffusion control
decreases with increasing solid particle size. Although it would be desirable to quantify the reactive
surface in terms of reactive sites, experiments usually only allow for the use of solid surface area to
solution volume ratio. If the reactive site density of the solid material is known, rate constant derived
from the above relationship can easily be converted and the unit would then be the same as for the
homogeneous system. A UO, surface site density of 2.1 x 10™* mol-m™ has been derived in the work
of Hossain and Jonsson (Hossain and Jonsson 2008). Surface site concentrations can be expressed
using the S- V™' ratio in combination with the surface site density.

The second order rate constant for a surface reaction can be determined by monitoring the concentra-
tion of the solute reactant as a function of time in a system where the solid surface is present in excess.
The reaction order would then be 1 and we can determine a pseudo first order rate constant for these
specific conditions. By performing the experiment at different solid surface area to solution volume
ratios, always with an excess of surface, the second order rate constant can be determined by plotting
the pseudo first order rate constant as a function of solid surface area to solution volume ratio (the
slope of the plot) (Jonsson 2010).
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When performing numerical simulations including surface reactions it is important to keep in mind that
the surface reaction should only be accounted for in the volume element closest to the surface and that
the solid surface area to solution volume ratio refers to the volume of the innermost volume element,
not the whole system (Nielsen and Jonsson 2008, Nielsen et al. 2008a).

For surface reactions where the rate limiting step is adsorption, kinetic expressions based on
adsorption isotherms can be used. One of the most commonly used expressions is the Langmuir-
Hinshelwood equation.

2.3 Oxidation of UO, by radiolytic oxidants

The kinetics for reactions between various oxidants in aqueous solution and UQ, has been studied for
almost half a century. Among the oxidants formed upon water radiolysis, H,O, and O, (a secondary
product) have attracted most of the attention (Roth and Jonsson 2008). Studies have shown that H,O,
is around 200 times more reactive than O, towards UO, (Shoesmith et al. 1985). Around two decades
ago, it was concluded that the rate constant for oxidation of UO, in aqueous suspensions is correlated
to the one-electron reduction potential of the oxidant through a linear free energy relationship (Ekeroth
and Jonsson 2003). On the basis of this relationship, it was possible to estimate the rate constants for
species that are more difficult to assess experimentally such has the hydroxyl radical and the carbonate
radical anion. For both of these radicals, the reaction was concluded to be diffusion controlled (Ekeroth
and Jonsson 2003). Since then, the general mechanism for the reaction with UO, has been revised for
some of the radiolysis products (Barreiro Fidalgo et al. 2018).

For oxidants that do not have diffusion-controlled rate constants for the reaction with UO, (e.g., H,O,
and O,), epsilon particles (noble metal particles consisting of fission products) can catalyze the reaction
(Figure 2-1).

2.4 Dissolution of oxidized UO,

U(VI) formed upon oxidation of UO, can dissolve as UO,*". In pure water this is a fairly slow process
but in groundwater containing complexing agents such as HCO;/COs>, soluble UO,*" complexes can
be formed which will enhance the rate of dissolution considerably (de Pablo et al. 1999, Hossain et al.
2006). The kinetics of the dissolution process is not straight forward to assess since it is quite difficult
to produce controlled amounts of oxidized UQ, prior to exposure to an aqueous solution. Instead, the
dissolution kinetics must be assessed in an oxidative dissolution experiment where oxidation kinetics
is also affecting the overall result (Hossain et al. 2006). In solutions where the solubility could be

a limiting factor, analyzing dissolution kinetics becomes even more complex.

2.5 The relative impact of radiolytic oxidants

In order to explore the possibility of simplifying numerical modelling of radiation induced dissolution
of spent nuclear fuel, the relative impact of the radiolytic oxidants was assessed (Ekeroth et al. 2006).

The assessment was based on oxidant concentrations obtained from numerical simulations and rate

constants for the different oxidants. The assessment showed that radiation induced oxidation of UO,

is completely dominated by H,0, in a-irradiated systems. For - and y-irradiated systems, H,O is still
the dominating oxidant but other oxidants are also of significance (Ekeroth et al. 2006). The relative

impact of the radiolytic oxidants (a-radiolysis) is summarized in the table below.
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Table 2-1. Relative impact (in %) of aqueous radiolysis products in a-radiation induced oxidative
dissolution of UO2.

Conditions H,0, 0, 0, HO, CO;~ ‘OH
Pure water 100.0 0.01 0 0.03 0 0
H, (40 bar) 99.9 0 0 0.02 0 0.03
H, (40 bar) and HCO;™ (10 mM) 100.0 0 0 0 0.02 0
HCO;™ (10 mM) 99.9 0.09 0 0 0 0

2.6 The mechanism of the reaction between H,0, and UO,

It has long been known that H,O, reacts with UQO, both by oxidizing the surface and by surface
catalyzed decomposition to produce O, and H,O. Earlier, it was assumed that these two competing
reactions occur at different surface sites. However, in a relatively recent study it was shown that the
two competing reactions share a common intermediate and therefore occur at the same site (Barreiro
Fidalgo et al. 2018). The mechanism is described below.

H,0, + 2 U0, — 2 HO'—UO, (2-3)
H,0, + HO'—UO, — HO," + H,0 + UO, (2-4)
HO, + HO, — H,0, + 0, (2-5)
HO—UO, — OH + UO," (2-6)

This mechanism was verified by analyzing the impact of H,O, concentration on the dissolution yield
(Nilsson and Jonsson 2011), i.e., the ratio between the amount of dissolved uranium and the amount
of consumed H,0, (Barreiro Fidalgo et al. 2018). These experiments showed that the dissolution yield
decreases with increasing H,O, concentration. The mechanism above accounts for this concentration
dependence.

This mechanism also opens up for a number of reactions that have not been considered previously
since the surface bound hydroxyl radical (HO—UO,) is a new species in this context. Solutes
reacting with the surface bound hydroxyl radical will have a direct impact on the oxidative dissolu-
tion of the UO, matrix. Recent experimental studies have shown that the surface bound hydroxyl
radical can be scavenged by organic solutes such as Tris and methanol and by Br™ (Lousada and
Jonsson 2010, Lousada et al. 2013b, Yang and Jonsson 2014, Yang and Jonsson 2015, Toijer and
Jonsson 2020, Carlsson et al. 2022). The immediate effect of this is of course that the surface bound
hydroxyl radical is scavenged which prevents oxidation as well as catalytic decomposition of H,0,
(i.e., the formation of O,). In some cases, the radical product could contribute further to the surface
reactions. In case reducing radicals are formed, they could reduce oxidized surface sites back to
U(IV) and thereby further inhibit the oxidative dissolution.

2.7 The effect of H,

The presence of H, from anaerobic corrosion of iron or water radiolysis has been shown to efficiently
inhibit oxidative dissolution of UO,-based spent nuclear fuel. The actual mechanism of this inhibition
has been discussed for quite some time. The origin of the H, effect can be divided into three parts:
(1) Effect of H, on radiolytic production of oxidants, (2) Reaction between H, and the surface bound
hydroxyl radical, and (3) e-particle catalyzed reduction of oxidized uranium on the pellet surface. The
first effect is simply a consequence of the overall mechanism for water radiolysis and it is an effect
that will never completely supress the oxidative dissolution (Trummer and Jonsson 2010). The second
effect is at the moment more of a postulated effect attributed to the mechanism for the reaction between
H,0, and UQ,. It is reasonable to believe that the surface bound hydroxyl radical can react with H,.
This would prevent oxidation but also produce a reducing hydrogen atom capable of reducing oxidized
uranium on the surface. This mechanism would account for observations made on pure UO, where
fission products are not present (Bauhn et al. 2018, Hansson et al. 2021, Hansson and Jonsson 2023).
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In general, this mechanism has a larger impact on the dissolution than the purely radiolytic effect. The
third effect, e-particle catalyzed reduction of oxidized uranium, has been studied quite extensively
using various methods. Electrochemical methods have demonstrated that the electrochemical potential
of a UO, electrode in an electrolyte containing dissolved H, is significantly lower if the UO, electrode
contains noble metal inclusions compared to if it is pure UO, (Broczkowski et al. 2005). Kinetic studies
have shown that this process is very fast and that the rate limiting step, the reaction between H, and
the e-particle, is diffusion controlled (Trummer et al. 2008). The reduction of oxidized uranium on
the surface competes with the dissolution of the same species and as soon as the reduction reaction
becomes faster than the dissolution reaction, the oxidative dissolution becomes completely inhibited.
It has been shown that this process becomes very efficient already at fairly low H,-concentrations
(Eriksen and Jonsson 2007).

2.8 Other reactions catalyzed by s-particles

Noble metal particles have been found to catalyze a number of other reactions of relevance in radia-
tion induced oxidative dissolution of UO,-based nuclear fuel (Nilsson and Jonsson 2008a, Nilsson and
Jonsson 2008b, Maier and Jonsson 2019). The most relevant reactions known and explored so far are
the following:

H202 + H2 —2 Hzo (2_7)
UO,” + H, —» UO,(s) + (2 H) (2-8)
H,0, — Products (2-9)

These reactions have been studied using Pd-particles. For the reduction reactions (2-7) and (2-8)
it has previously been shown that the kinetics is independent of the partial pressure of H, above

1 bar (Nilsson and Jonsson 2008a, Nilsson and Jonsson 2008b,). Under these conditions, the kinetic
expression can be written as Equation (2-2) above. The reason for the H,-pressure independence
is that the encounter between H,0, or UO,*" and the Pd-particle is the rate determining step. More
recently, these reactions have been studied at lower H, pressures (Maier and Jonsson 2019). In both
cases, H,-pressure dependence is observed. However, in the case of UO,”" reduction, the pressure
dependence on the kinetics cannot be quantified due to experimental artifacts. For this reaction,

a lag-phase is observed at low H,-pressures. The lag-phase increases with decreasing H,-pressure
and was argued to be attributed to the presence of O, in the initial reaction mixture (originating
from an aqueous UO,”" solution injected at the start of the experiment). Interestingly, the rate of
UO,”" reduction differs very little between the H,-pressures once the lag-phase is over. It is therefore
reasonable to use the kinetic expression from Equation (2-2) for this reaction. The rate constant has
been determined to 1.5 10~ m s™' (Nilsson and Jonsson 2008b).

For the reduction of H,0, at low H,-pressures it was found that the pressure dependence could be
described using the Langmuir isotherm. The kinetics could then be described using Langmuir-
Hinshelwood kinetics. The resulting expression is given below:

d[H,0,] SA
————= =k;[H;0,]7-6 (2-10)

where 6 is the fractional surface coverage of H, given by the Langmuir isotherm:

K[H,]

6= K[Hy)+1

(2-11)

The equilibrium constant, K, was found to be 8.1 x10* M ™" and the rate constant in Equation (2-10),
k,, was found to be 2.4x 10 m s™' (Maier and Jonsson 2019).

The mechanism of the catalytic decomposition of H,O, on Pd was investigated using radical scaven-

gers to verify the existence of reactive intermediates. The expected mechanism was that of catalytic

decomposition on oxide surfaces with the intermediate formation of surface-bound hydroxyl radicals.
For oxide surfaces in general, this mechanism has been verified by using Tris or methanol for which
the product after reaction with the hydroxyl radical is formaldehyde (Lousada et al. 2013a, Yang and

Jonsson 2014, Yang and Jonsson 2015). More recently, the mechanism was also confirmed using
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coumarin as radical scavenger (Leandri et al. 2019, Maier et al. 2019). One of the products formed
upon reaction with the hydroxyl radical is fluorescent and readily detectable. Quite unexpectedly,
surface-bound hydroxyl radicals could not be confirmed as intermediates of the catalytic decomposi-
tion of H,O, on Pd. The overall second order rate constant for the catalytic decomposition of H,O,
on Pd was determined to 4.95x 10° m s™' (Maier and Jonsson 2019).
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3 The steady-state approach

In any aqueous system exposed to ionizing radiation with a constant dose rate distribution, the rate
of production of radiolysis products in the aqueous phase will at some point be balanced by the rate
of consumption of the same product. At this point, steady-state has been reached and the concentration
of the radiolysis product in question will be constant. For the radical species, such as HO", CO;™, H',
HO,/O," and e,, , the steady-state concentrations will be very low. However, for molecular products
such as H,0,, O, and H,, the steady-state concentrations can be considerably higher. The processes
consuming the radiolysis products in the repository case could be reactions with the fuel surface, reac-
tions with solutes, reactions with other solid surfaces or diffusion out of the canister. This means that
the maximum rate of fuel oxidation by a radiolytic oxidant is equal to the rate of radiolytic production
of the same oxidant. This constitutes the most conservative case for a safety assessment.

Previous studies based on numerical simulations of a fuel-water system taking the spatial dose rate
distribution and diffusion into account showed that the surface concentration of H,0O, rapidly reached
the overall system steady-state level even though it takes time to reach the homogeneous system
steady-state (Nielsen and Jonsson 2008, Nielsen et al. 2008a, Nielsen et al. 2008b). As the surface
concentration of H,0, is what controls the rate of UO, oxidation, it was concluded that a steady-state
approach could be used to simulate radiation induced oxidative dissolution of UO,-based spent
nuclear fuel. The rate of UO, oxidation is then given by the following expression:

Tox = Tiy0, = Jor D (x) X p X G(H,0,)dx (3-1)

In this expression 7, denotes the rate of UO, oxidation (in mol m ™ s™), 74,0, the rate of radiolytic
H,0, production (in mol m?s™"), D(x) the a-dose rate at distance x from the surface, p the density
of water and G(H,0,) the radiation chemical yield for H,O, under a-radiolysis. Instead of integrating
the dose rate profile from the surface to the distance corresponding to the maximum range of the
a-particles, the average dose rate can be used. The expression is then simplified to:

Tox = Th,0, = D(x) X p X G(H203) X Xpax (3-2)

Using the steady-state approach, it is also possible to account for the e-particle catalyzed H,-effect
(Jonsson et al. 2007). By multiplying the rate constant for the reaction between H, and the e-particle
with the concentration of H, and the fractional surface coverage of e-particles (&,.;), the maximum rate
of reduction is obtained (in reality it is impossible to reduce more than what has been oxidized). The
net rate of UQO, dissolution is then given by the difference between the rate of oxidant production and
the maximum rate of U(VI)-reduction (Jonsson et al. 2007):

Taiss = Tox — kHZ [Hz]ere; (3-3)

As the maximum rate of U(VI)-reduction can be larger than the rate of oxidant formation under certain
conditions, it is important to keep in mind that the net rate of fuel oxidation cannot be lower than 0.

The steady-state approach can be used to benchmark new modelling approaches as it provides an upper
limit for the rate of radiation induced oxidative dissolution of UO, (Eriksen et al. 2012).
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4 Reactions and rate constants

The rate constants for the reactions discussed above are presented below. For practical purposes
(mainly to allow surface sites to be consumed or blocked through the various reactions) it is advis-
able to convert solid surface area to solution volume ratios to surface site concentrations. This can be
done by using the surface site density. The surface site concentration is obtained by multiplying the
solid surface area to solution volume ratio with the surface site density. The rate constant must then
be divided with the surface site density. For UO,, the surface site density has been determined to be
2.1x10* mol-m? (Hossain and Jonsson 2008).

41 H,0,+UO,

The mechanism for the reaction between H,0, and UQ, is described above (Barreiro Fidalgo et al.
2018). Given its complexity, it is not possible to experimentally assess the rate constants of the
elementary reactions separately from each other. However, on the basis of experiments performed
at different initial concentrations of H,O, at a given solid surface to solution volume ratio where the
concentrations of H,O, and dissolved uranium were monitored as a function of time, the individual
rate constants can be assessed using numerical fitting to the mechanism (Hansson et al. 2023).

It should be noted the reaction between two HO," producing H,0, and O, is already known and
therefore does not require fitting. For modelling purpose, it is also important to include a pathway
to production of U(VI) as this is the species that will eventually be dissolved. This is done by
introducing a disproportionation reaction between two U(V) to produce U(IV) and U(VI).

The reaction between H,0, and UQ, is described as follows in the model:

H,0, + U0, — site — 2 OH - (ads) ks1
OH - (ads) » OH~ + U(V)0, ks2
1
H,0, + OH - (ads) —» HO, +H20+§U02—site ks3
U(V)0, + U(V)0, » UWVI0,(s) + U(IV)0,(s) ks4

Based on fitting to experimental data, the rate constants were determined to ks1 =0.462 M ' s™',
ks2=0.191s", ks3=197M 's'andks4 =34.1 M 's".

It should be noted that these rate constants were derived on the basis of experimental data on powder
suspensions.

4.2 HCO; facilitated dissolution of UO,*

The dissolution of UO,*" in carbonate solution has been found to be close to diffusion controlled
(Hossain et al. 2006). Therefore, we set the value for ks5 = 10° M"-s™' which corresponds to diffusion
controlled in this particular heterogeneous system (i.e., a powder suspension) (Hansson and Jonsson
2023). The reaction can be expressed as follows:

HCO3 +U(VI)0,(s) » U0,C03(aq) + UO, — site ks5
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4.3 H,0, + UO, catalyzed by ¢-particles

Work on Pd-containing UQO, pellets showed that the noble metal catalyzed oxidation of U(IV) by H,0,
has a rate constant 100 times higher than that of the direct reaction between H,O, and UO, (Trummer
et al. 2009). The rate determining step is the reaction between H,O, and the e-particles and therefore
the kinetics can be described as the heterogeneous version of a bimolecular reaction. To translate this
into the rate of UO, oxidation we must include an additional reaction where the oxidant-equivalent
formed in the reaction between H,0, and the e-particle (“ox”) oxidizes UO, to U(VI) (Hansson and
Jonsson 2023). The latter reaction should have a rate constant high enough not to affect the oxidation
of UO, but low enough not to cause numerical problems. This is a way to avoid third order kinetics
for which the rate constants are not known.

H,0, + € — site = ox ks6
ox + U0, — site » UO3*(s) + € — site + 20H~ ks7

For this reason, ks6 is set to 100 times that of ks1 (i.e., ks6 =46.2 M ' s™"). A value of ks7 =10 M"'s™
was found to satisfy the boundary conditions mentioned above.

4.4 The interfacial H, effect

The rate constant for the reaction between H, and the surface-bound hydroxyl radical is not known
experimentally. However, from homogeneous reactions in solution we know that the rate constant for
the reaction between the hydroxyl radical and H, is more or less the same as the rate constant for the
reaction between the hydroxyl radical and H,0, (Jonsson 2022). Consequently, ks8 could be set equal
to ks3. However, the surface-bound hydroxyl radical has been shown to be considerably less reactive
than the free hydroxyl radical (Yang and Jonsson 2015, Toijer and Jonsson 2020, Carlsson et al. 2022).
The reduction potential of the surface-bound hydroxyl radical is more than 300 mV lower than for the
free hydroxyl radical (Lawless et al. 1991). This would imply that hydrogen abstraction from H, would
not be a spontaneous reaction for the surface-bound hydroxyl radical while hydrogen abstraction from
H,O0, still would be. Hence, it is likely that ks8 is considerably lower than ks3. A value between 50 and
100 M ' s™" appears reasonable based on previous simulations.

Experimental work on UQ, pellets containing Pd-particles to mimic the effects of noble metal inclu-
sions have shown that the reaction between H, and the noble metal inclusions is close to diffusion
controlled (Trummer et al. 2008). In other words, ks9 should be close to 10° M ™' s™'. As in the case
of e-particle catalyzed oxidation of UQ,, the subsequent reaction between “red”” and U(VI) should have
a rate constant high enough not to affect the reduction of U(VI) but low enough not to cause numerical
problems. A value of ks10 = ks7 = 10" M"-s™' was found to satisfy these boundary conditions.

1
0H-(ads)+H2—>H-+§U02—site+H20 ks8
&g —site+ H, » red ks9
red + UVI)0,(s) » U0, — site + 2H* + ¢ — site ks10
45 0,+UO,

As mentioned above, O, is less reactive towards UO, than H,O, by approximately a factor of 200
(Shoesmith et al. 1985). This implies that the rate constant should be ks11 =ks1/200 =2.31x10°M"'s™".

0, + U0, 25 0,0, + U(VDO, ksl =231x10° M 5™
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46 O, + UO, catalyzed by s-particles

The e-particle catalyzed reaction between O, and UO, has been shown to be roughly a factor of 60
lower than the corresponding reaction for H,O, (Trummer et al. 2009). The rate constant is conse-
quently ks12 =ks6/60 =0.77 M s™".

0, + € — site - ox ks12=0.77M"s"

4.7 Other reactions catalyzed by c-particles

The additional reactions catalyzed by noble metal particles are the following (Nilsson and Jonsson
2008a, Nilsson and Jonsson 2008b, Maier and Jonsson 2019):

1
H,0, + ¢ — site = H,0 +§02 ks13
H,0, + H, + € — site —» 2H,0 + ¢ — site ks14
UOZZJ{aq) + H, + & — site > UOy(5) + 2H* + € — site ksl5

The second order rate constants for the noble metal catalyzed reactions between H, and dissolved
UO,* or H,0, and the noble metal catalyzed decomposition of H,O, are given in the unit m s™'. To
convert the rate constants to the same units as was used for the other surface reactions (i.e., M's™"),
the rate constants in m s~ must be divided by the surface site density. It should be kept in mind that the
surface site density that should be used for the above reactions refers to UO, and not to Pd. However,
this is of minor importance since we are essentially using the solid surface area to solution volume ratio
as our basic parameter to quantify the amount of reactive surface. For the noble metal-catalyzed reac-
tions we should use the overall UO, surface area to solution volume ratio multiplied with the fractional
coverage of noble metal particles. The resulting rate constants are: ks13=23.6 M's', k14 =114 M
s'and k15=71.4 M s, It must be kept in mind that for ks14 a Langmuir-Hinshelwood-type of
kinetic expression must be used (Maier and Jonsson 2019).

4.8 Reactions of 'OH and CO;"~ with UO,

As stated above, both "OH and CO, "™ are expected to react with UO, with diffusion-controlled rate
constants (Ekeroth and Jonsson 2003). The reactions can be described as follows:

1
OH - +§U02 — site » OH - (ads) ks16

1
CO5™ +5 U0, = site > U(V)0, ks17

The rate constants ks16 and ks17 are both estimated to be diffusion controlled, 10° M s™' (Ekeroth
and Jonsson 2003, Hansson and Jonsson 2023).
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4.9 Summary of reactions and rate constants

H,0, + U0, — site - 2 OH - (ads) ksl =0.462M "' s
OH - (ads) » OH™ + U(V)0, ks2=0.191s"
1
H,0, + OH - (ads) » HO, + H,0 + EUOZ — site ks3=197M's’!
U(V)0, + U(V)0, = U(VI)0,(s) + U(IV)0,(s) ks4=341M"s"
HCO3; + U(VD)0,(s) » U0,C05(aq) + UO, — site ks5=10°M"'s"
H,0, + € — site - ox ks6 =462 M s
ox + U0, — site > UO3*(s) + & — site + 20H~ ks7=10"M"'s"
1
OH - (ads) + H, > H - +§U02 — site + H,0 ks8 =50-100 M ' s™*
& —site + H, > red ks9=10"M"'s"
red + UWVI)0,(s) » UO, — site + 2H* + ¢ — site ks10=10"M"s"'
Hy0
0, + U0, = H,0, + U(VI)0, ks11=231x10°M"'s"'
0, + € — site - ox ks12=0.77M"s"
1
H202+£_Slte _)H20 +EOZ kSl3:23.6 1\/‘[71 S71
H,0, + H, + £ — site » 2H,0 + ¢ — site ksl4*=114 M "' s
UO;J(’aq) + H, + & — site = UOy(5) + 2H* + € — site ks15=71.4M"s"!
1
OH - +§U02 — site > OH - (ads) ksl6=10°M"'s"
1 o
CO‘3‘+EU02—site—> U)o, ks17=10°M"s""

* The rate expression for H,O, consumption is the following:
4

— dH200] _ ks14[H,0,] w x $C where SC is the surface site concentration derived from

dt 8.1x104[H2]+1

the solid surface area to solution volume ratio and the site density derived for UQO,.
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5 Known unknowns

The reaction mechanisms, rate expressions and rate constants presented above could be seen as the
state-of-the-art at the time when this report was published. However, this set of data is by no means
complete and we can already identify a number of known unknowns that we must focus our attention
on to develop numerical models for radiation induced oxidative dissolution of UO,-based spent nuclear
fuel further. The known knowledge gaps are briefly summarized below:

5.1 Transferring kinetics from powder to pellet

The majority of the kinetic data available today come from experiments performed on UO,-powder
suspensions (stoichiometric or hyperstoichiometric) (Roth and Jonsson 2008). As mentioned above, the
size of the solid objects involved in the heterogeneous reaction is of key-importance (Jonsson 2010).
It is therefore very important to derive rate constants for pellets rather than powders. Admittedly, this

is not straightforward as it is much more difficult to vary the solid surface area to solution volume
ratio when pellets are used. Transferring kinetics from powder to pellet can to some extent be based
on kinetic theory (Jonsson 2010) but this should be complemented by control experiments to validate
any assumptions that are made.

5.2 Extended exposure

In powder experiments the exposed surface area is in general very large and during an experiment
the exposure to oxidants per surface area of material is very low. Experiments on pellets where the
exposure to oxidants per surface area is considerably higher have shown that the behaviour of the
material changes with exposure (Maier et al. 2020a, Maier et al. 2020b). In general, the so-called
dissolution yield (Nilsson and Jonsson 2011) which is given by the ratio between the amount of
dissolved uranium and consumed hydrogen peroxide reflects the competition between oxidation

of UO, and catalytic decomposition of H,O, on the UO, surface. Pellet experiments with variable
exposure to H,O, and 10 mM HCO;" solutions have clearly shown that the dissolution yield decreases
with increasing exposure (Maier et al. 2020a, Maier et al. 2020b). The dissolution yield for pellets is
also significantly lower than the dissolution yield for powder. In other words, the ratio between the
rate constants for oxidation and catalytic decomposition is different for pellets compared to powder
and may even change with exposure for pellets. This must be better understood and should also be
accounted for in the model.

5.3 Secondary phases

Secondary phases such as studtite could be formed on the UO, surface and alter the reactivity of

the fuel (Li et al. 2020, Li et al. 2021, Li et al. 2022). Other secondary phases may also form in the
repository. Although the dynamics and spatial location of such a process are very difficult to predict, it
would be desirable to include the kinetics for secondary phase formation and dissolution in the model.
Presently, more kinetic data on studtite formation as well as studtite and meta-studtite dissolution under
various conditions are becoming available.

5.4 Speciation in solution

It has been known for quite some time that the radiolysis product H,O, can form ternary complexes
with UO,*" and HCO, /COs* (Zanonato et al. 2012a, Zanonato et al. 2012b). Recent studies have

shown that the speciation of H,O, (i.e., whether it is free or complexed) has a major impact on the
kinetics of UO, oxidation (Olsson et al. 2022). Also, in systems with high salinity, H,O, and UO,*
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can form ternary complexes with CI” and Br~ which also affects the kinetics of UO, oxidation (El Jamal
et al. 2021, Li et al. 2022). It is important to note that the ternary complexes become particularly
important at higher UO,*" concentrations. It would therefore be very useful to perform speciation
calculations for UO,*" concentrations that are deemed to be reasonable under repository conditions.
If such calculations would show that a significant fraction of the H,O, is present as ternary complex,
the kinetic model should be complemented with a module for speciation calculations.

5.5 Kinetic expressions based on adsorption isotherms

Traditionally, the kinetic expressions used for reactions between radiolytic oxidants and the UO,
surface have been of the type described in Equation (2-2) above. More recent studies indicate that
simple second order kinetics may not always perfectly reproduce the experimental results (Barreiro
Fidalgo et al. 2018, Olsson et al. 2022). In such cases, rate expressions based on adsorption isotherms
appear to be more appropriate. This is particularly true for H,O,. More efforts should be made in order
to analyze kinetic data in terms of adsorption isotherms and, if possible, include these isotherms in
the general kinetic model. Most probably, a kinetic expression based on an isotherm for H,O, can be
presented in the near future.

5.6 Impact of interfacial G-values

Numerous studies have shown that the radiation chemical yield close to a solid surface or in confined
volumes can differ significantly from the corresponding values in bulk water (LaVerne and Tandon
2002). Most of these studies focus on H, for which much higher G-values are in general observed close
to a solid surface. Whether this would have an impact or not on radiation induced dissolution of UO,-
based nuclear fuel needs to be assessed. If deemed important, attempts should be made to incorporate
interfacial G-values in the simulations.

5.7 Surface reactivity of reducing radicals

Reducing radicals such as H" and e,, are usually not considered when simulating the rate of oxidative
dissolution of UQ,. Even if the reactivity of these radicals is low towards U(IV), they most probably
display higher reactivity towards U(V) and U(VI) present on the surface. The rate constants of these
reactions need to be experimentally assessed. In addition, their potential impact could be explored
using the numerical model and the fact that the rate constants cannot exceed diffusion-control.
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